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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
Ultra-low cycle fatigue (ULCF) loading conditions raise a complex problem for design and safe exploitation of steel 
constructions in seismic active zones on our planet. The investigation of the damage and failure of steel constructions under 
loading with large strain amplitude can contribute to the development of safety assessments for earthquake-resistant steel 
structures. 
Damage mechanics provide a good approach for the description of damage and failure of materials and structures under ULCF 
loading. In the frame of the presented work a coupled continuum damage mechanic material model based on Yoshida-Uemori 
(YU) plasticity model (Yoshi a and Uemori 2003) and effective strain oncept (Ohata and Toyoda 2004) is presente . In 
comparison with the Armstrong-Frederik and Chaboche plasticity models (Armstrong and Frederick 1966, Chaboche 1989) YU-
model provides a better description for plastic material properties. Combination of YU-model model with effective strain concept 
and coupled damage allows using the presented model as a powerful instrument for material characterization and optimization of 
structures under ULCF loading. 
The developed damage mechanics model is validated on cyclic tests of small scale samples under loading with large strain 
amplitudes. It is capable to predict the force-displacement response and number of cycles to fracture. Additionally, the presented 
model is applicable for the simulation of large scale tests. 
The use of the proposed models for development of steel safety assessments and transfer of the material model parameters for 
modeling of large steel structures are discussed. 
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1. Introduction 
Seismic activity can provoke catastrophic consequences to the steel structures. It is reported that a major cause of 
the damage during the earthquakes in 1990s in USA and Japan was the result of the insufficient deformation 
capacity (Hamburger et al. 2009). The improvements of the safety assessment for the design of earthquake resistant 
steel structure focus on the ductility of the material and structural detailing in combination with appropriate 
toughness properties of steel. In recent decades, modified design codes and new engineering modules such as WES 
2808 have been developed in USA and Japan. However, a satisfied design code for the earthquake resistant steel 
structure is still missing in Europe. 
The purpose of this work is to establish a safety assessment for steel structure under seismic activities based on a 
damage mechanics model that describes material behavior and failure under ultra-low cycle fatigue (ULCF). The 
development of the damage mechanics model shall include a prosper description of cyclic plasticity under large 
strain amplitude, a coupled damage evolution law for the prediction of the failure, and the effective strain concept 
that considers the effect of reversal loading on crack propagation. 
Cyclic plasticity has been investigated since decades. Armstrong and Frederick (1966) proposed for the first time 
non-linear kinematic hardening law to illustrate the movement of the yield surface. Based on the Armstrong-
Frederick model, Chaboche (1986) gave a more complete cyclic plasticity model with multi-sets of back stresses to 
give a more precise description of strain-stress behavior under reversal loading. Also, a non-linear isotropic 
hardening law is assumed to enable to depict the hardening and softening of the material. Duwez (1953) and 
Besseling (1959) firstly introduced a mechanical sublayer model. Mroz (1969) developed a multi-surface model to 
describe the smooth elastic-plastic transition under cyclic loading with the translations of hypersurfaces. Dafalias 
and Popov (1975) proposed a two-surface model in which all the hypersurfaces were replaced by an inner yield 
surface and an outer bonding surface and the plastic modulus was assumed to be determined by the relative position 
of the two surfaces and plastic work. Krieg (1975) also proposed a two-surface model for metals. In this model, a 
loading surface was defined to translate based on kinematic hardening law and isotropic hardening law and the 
translation of the yield surface was based on the Mroz model. Ohno (1982) further developed the two-surface model 
with a non-hardening strain range. Almost at the same time, Tseng and Lee (1983) proposed another two-surface 
model in which the outer memory surface with non-linear kinematic hardening law was based on loading history. 
Yoshida and Uemori (2002) investigated in-plane cyclic strain-stress response in strain-controlled tests till large 
strain. Due to the reverse motion of the piled-up dislocations at grain boundaries, the transient Bauschinger effect, 
which can be characterized by the early re-yielding and smooth elastic-plastic transition is often observed. To 
describe the observed transient Bauschinger deformation and the dependence of saturated stress amplitudes on strain 
ranges, it is assumed that the yield surface is controlled by kinematic hardening and the bounding surface is 
controlled by both of isotropic and kinematic hardening (Yoshida and Uemori 2002). By comparing the simulation 
results from different hardening models with the corresponding experiment, Yoshida-Uemori model shows better 
precision for the strain-stress response than Armstrong-Frederick non-linear hardening model (Yoshida and Uemori 
2003). 
Coupled damage mechanics models incorporate the effect of the accumulated damage into yield function so that 
the damage-induced softening conversely influences the strain-stress response in material, which provides more 
accurate description on failure prediction. Two approaches, the micromechanically motivated Gurson-like models 
and phenomenological continuum damage mechanics (CDM) models, have been developed in last decades. CDM 
models are developed and applied in damage and fracture prediction of metals (de Souza Neto 2002, Lubarda and 
Krajcinovic 1995, Teng 2008, Voyiadjis and Deliktas 2000, Voyiadjis and Park 1999). The evaluation of ductile 
crack initiation and propagation in steels under ULCF is essential for the safety assessment. The effects of the tensile 
and compressive pre-strain on ductility were investigated and based on the previous researches Ohata and Toyoda 
(2004) proposed an effective strain concept to describe the influence of the reversal loading on damage. They 
applied a back stress criterion and the plastic strain is counted as effective to damage when the back stress exceed 
the previously achieved maximum value. Bao and Wiezbicki (2004) introduced a cut-off value of stress triaxiality 
for damage evolution. By experimental research it was found that when stress triaxiality is smaller than the cut-off 
value the damage evolution is completely hindered.  
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This paper focuses on the development of the damage mechanics model for cyclic behavior description and the 
prediction of failure under ULCF condition. Section 2 explains the assumptions and formulations used in the damage 
mechanics model, Section 3 introduces the material and the experimental set-up applied in this work, Section 4 
shows the parameter calibration scheme for the proposed damage mechanics model and simulation results of failure 
prediction with the calibrated parameters, and Section 5 includes the conclusions and discussions on the 
development of the safety assessment based on the damage mechanics model. 
Nomenclature 
α Back stress tensor 
b Kinematic hardening parameter of the bounding surface 
B Kinematic hardening parameter of the yield surface 
C Kinematic hardening parameter of the yield surface 
β  Back stress tensor of the bounding surface 
β  Back stress tensor increment of the bounding surface 
θ Back stress tensor of the yield surface 
θ  Back stress tensor increment of the yield surface 
  Magnitude of back stress tensor θ 
dinc Damage increment 
Dcrit Critical damage value 
df Parameter for damage evolution 
dp Parameter for damage evolution 
D Damage 
E Elastic modulus 
E* Elasitic modulus coupled with damage 
ε  Plastic strain tensor increment 
effpld ,  Plastic effective strain increment 
pε
3
2  Plastic strain magnitude 
f Flow potential 
η Stress triaxiality 
s Deviatoric stress tensor 
σ Stress at the nth cycle 
σ0 Stress at the first cycle 
Y Yield stress 
 
2. Damage mechanics model 
To describe the plastic behavior of the material under cyclic loading, a two surface model provided by Yoshida-
Uemori is selected in this work. Compared with the traditional cyclic plasticity models, for instance Armstrong-
Frederick model, Yoshida-Uemori model gives better description on the plastic-elastic transition period at re-
yielding during cyclic loading (Yoshida and Uemori 2002).  
As a two surface model, the Yoshida-Uemori model consists of a yield surface with constant size and a bounding 
surface in the stress space. When yielding of material is triggered, the yield surface begins to move towards the 
bounding surface; meanwhile, the movement of bounding surface initiates as well. The movement of the yield 
surface and bounding surface is controlled by two non-linear kinematic hardening laws. After the yield surface 
touches the bounding surface if the strain amplitude is sufficient, the two surfaces shift at the same hardening rate. 
When the load is reversed, after re-yielding, the yield surface separates itself from the bounding surface and shifts 
towards the opposite direction until it touches the bounding surface again to the opposite end. The original Yoshida-
Uemori model also describes the work-hardening stagnation by controlling the isotropic hardening of the bounding 
4 Author name / Structural Integrity Procedia  00 (2016) 000–000 
surface. However, for the investigated material, the work-hardening stagnation is not observed. Thus, for 
simplification the isotropic hardening of the bounding surface is set as zero. 
The two kinematic hardening evolution laws defined by Yoshida-Uemori model are correlated to the equivalent 
plastic strain increment p , which is expressed in Eq. (1). 
ppp εε  :
3
2
 ,          (1) 
where, pε is the plastic strain tensor increment. 
The kinematic hardening demonstrating the Bauschinger effect is described by the coupled back stress, which is 
the summation of the motion of the bounding surface β and relative motion of the yield surface θ, as expressed in 
Eq.(2) (Yoshida and Uemori 2002): 
θβα   ,          (2) 
On one hand, the increment of bounding surface back stress is defined as (Yoshida and Uemori 2002): 
  p
Y
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




 βαsβ ,         (3) 
where b and k are material parameters for kinematic hardening and s is the deviatoric stress tensor. 
On the other hand, the relative motion rate of yield surface is controlled by the distance between yield surface and 
bounding surface, which is proposed as the following Eq. (4) (Yoshida and Uemori 2002): 
  pYB
Y
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
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

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
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,       (4) 
where C and B are material parameters related to kinematic hardening; Y is the yield stress, and   is the magnitude 
of tensor θ. 
To describe the damage-induced softening the selected cyclic plasticity model is coupled with damage. The 
elastic response and the flow potential of the Yoshida-Uemori model can be expressed by: 
 EDE  1*           (5) 
        011:1
2
3
 YDDDf αsαs ,     (6) 
where, E is the elastic modulus, E* is elastic modulus coupled with damage, and D is the damage value. 
A non-linear damage evolution law is assumed in this work. Damage evolution is expressed in Eq. (7): 
effpl
incnn ddDD
,
1  ,         (7) 
in which, dinc is the increment of damage at each step and effpld ,  is the plastic effective strain increment, which is 
the plastic strain increment when stress triaxiality η is greater than zero. 
To consider the effect of reversal loading on damage, the so-called effective strain concept is employed in this 
damage mechanics model. It is assumed that damage only increases when the stress triaxiality η is larger than or 
equal to zero, in other words, the stress state is tension. Under compressive stress state, it is assumed that the micro-
crack in material does not expend. Thus, dinc can be expressed as: 
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simplification the isotropic hardening of the bounding surface is set as zero. 
The two kinematic hardening evolution laws defined by Yoshida-Uemori model are correlated to the equivalent 
plastic strain increment p , which is expressed in Eq. (1). 
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where, pε is the plastic strain tensor increment. 
The kinematic hardening demonstrating the Bauschinger effect is described by the coupled back stress, which is 
the summation of the motion of the bounding surface β and relative motion of the yield surface θ, as expressed in 
Eq.(2) (Yoshida and Uemori 2002): 
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On one hand, the increment of bounding surface back stress is defined as (Yoshida and Uemori 2002): 
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where b and k are material parameters for kinematic hardening and s is the deviatoric stress tensor. 
On the other hand, the relative motion rate of yield surface is controlled by the distance between yield surface and 
bounding surface, which is proposed as the following Eq. (4) (Yoshida and Uemori 2002): 
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where C and B are material parameters related to kinematic hardening; Y is the yield stress, and   is the magnitude 
of tensor θ. 
To describe the damage-induced softening the selected cyclic plasticity model is coupled with damage. The 
elastic response and the flow potential of the Yoshida-Uemori model can be expressed by: 
 EDE  1*           (5) 
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 YDDDf αsαs ,     (6) 
where, E is the elastic modulus, E* is elastic modulus coupled with damage, and D is the damage value. 
A non-linear damage evolution law is assumed in this work. Damage evolution is expressed in Eq. (7): 
effpl
incnn ddDD
,
1  ,         (7) 
in which, dinc is the increment of damage at each step and effpld ,  is the plastic effective strain increment, which is 
the plastic strain increment when stress triaxiality η is greater than zero. 
To consider the effect of reversal loading on damage, the so-called effective strain concept is employed in this 
damage mechanics model. It is assumed that damage only increases when the stress triaxiality η is larger than or 
equal to zero, in other words, the stress state is tension. Under compressive stress state, it is assumed that the micro-
crack in material does not expend. Thus, dinc can be expressed as: 
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where, df and dp are parameters that controls the evolution of the damage value, and pε
3
2  is the magnitude of the 
plastic strain. 
When the damage D reaches a critical value Dcrit, the correspond FEM element is deleted and the material loses 
its capacity of carrying stress. 
3. Material and experimental set-up 
The material investigated in this work is a bainite steel S690Q. The samples are manufactured in two geometries: 
smooth round bar (RB) and notched round bar (NRB), as shown in Fig. 1. The cyclic tests were performed on a 
servo-hydraulic tension-compression machine. During the cyclic tests, a strain gauge with a measurement length of 
10 mm was attached to the samples and two load amplitudes, +/-0.2 mm and +/-0.4 mm, were applied. The tests 
were performed in quasi-static condition with the loading rate of 2 mm/min. 
 
 
 
Fig. 1. Samples geometry used for cyclic tests (a) Round bar sample (b) Notched round bar samples 
4. Parameter calibration and failure prediction 
The proposed damage-coupled model is implemented into a VUMAT subroutine. All the simulations in this work 
were performed under the environment ABAQUS/Explicit. To reduce the consumption of computational resources, 
only the part with strain localization is modeled. And symmetric FE models were built for smooth round bar and 
notched round bar samples, as shown in Fig. 2. At the critical area, where the strain localizes, the mesh size is set as 
0.15 mm×0.15 mm×0.15 mm to eliminate possible mesh size effect.  
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Fig. 2. Symmetric FE models set-up for RB sample (left) and NRB sample (right) 
The calibration of the parameters is based on the experimental results with the smooth round bar specimens. The 
parameters related to the cyclic plasticity are calibrated with the cyclic test result of smooth round bar samples under 
the amplitude of +/-0.2 mm as shown in Fig. 3. 
 
Fig. 3. Force-displacement curves of the tests with round bar samples with the amplitude of +/-2 mm 
To calibrate the damage related parameters, the following procedure is employed. The critical damage value Dcrit 
is determined according to the experimental result. The stress σ at the displacement of 0.4 mm for each cycle is 
calculated from the experiment with smooth round bar sample under the load amplitude of +/-0.4 mm. The ratio of 
the stress for each cycle to the stress of the first cycle σ/σ0 is plotted in Fig. 4. And at each cycle, the relation 
between the ratio σ/σ0 and damage D is shown as following: 
 D 10 .          (9) 
The ratio at 13th cycle is taken for the calibration of Dcrit, since during the last two cycles necking of the samples 
was observed. According to Eq. 8, the value of Dcrit is determined as 0.3. 
An iterative procedure is applied for the parameters related to damage evolution: df, dp are varied until the 
simulated number of cycles until failure agree with the performed smooth round bar tests and the simulated 
degeneration of reaction force confirms to the observed softening in the experimental force-displacement results, as 
shown in Fig. 4. 
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Fig. 4. Ratio of stress over number of cycles for experiment with smooth round bar samples under load amplitude of +/-0.4 mm 
The calibrated parameter set of the proposed damage mechanics model is summarized in Table 1. 
Table. 1. Calibrated parameter set for the damage mechanics model 
Cyclic Plasticity Damage 
Y C B b k df dp Dcrit 
650 MPa 30 900 200 10 0.04 0.01 0.3 
The calibrated parameter set is applied to simulate the cyclic tests with notched round bar samples in order to 
validate the damage mechanics model and the calibrated parameter set in a more complex stress state. 
The numbers of cycles until break from simulation and experiment is compared in Table. 2. The simulated 
numbers of cycles until break of NRB samples agree with the experimental results under both amplitudes, which 
validates the calibration scheme and the calibrated model parameter set for damage.  
Table. 2. Comparison of number of cycles until break 
Sample geometry Amplitude Number of cycles until break Experiment Simulation 
NRB +/-0.2 mm 20 19 +/-0.4 mm 6 6 
5. Conclusion and discussion 
To develop a methodology of evaluating the reliability of steel components under earthquake, a phonological 
damage mechanics model is developed. The proposed damage mechanics model combines the cyclic plasticity 
applicable for large strain amplitude, coupled damage evolution, and effective strain concept for a full description of 
the material behavior and failure under ULCF. The parameter calibration scheme is proposed in this work and the 
calibrated parameters are employed for the failure prediction under cyclic loading. The simulated numbers of cycles 
until break of tests with notched round bar samples confirm to the experimental results, which proves the validity of 
the coupled damage evolution and the effective concept. 
Given the simulation results of cyclic tests with steel component based on the developed damage mechanics 
model, the reliability of the tested steel grade and the component design under certain seismic activities can be 
examined. However, the calibrated parameter set according to small scale tests can only be applied on the simulation 
of large scale tests when the size effects are considered. The size effects influence on one hand plasticity in terms of 
mesh size effect and on the other hand damage. Therefore, a correction factor needs to be derived. 
Besides, in civil engineering toughness values are widely used as criteria for safety assessments in design of steel 
structures due to their convenience application. The damage mechanics model will be further developed to 
implement a temperature-dependent cleavage fracture criterion. Therefore, with the calibrated parameters for a steel 
grade that has been proved to be safe under certain seismic activity the corresponding nominal toughness values 
such as Charpy impact energy or J-integral, can be determined by simulation, which are able to serve as a quick 
assessment for the design code of the seismic-resistant steel component. 
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grade that has been proved to be safe under certain seismic activity the corresponding nominal toughness values 
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